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recommendations for reducing PAH content, such as using hardwoods, controlling temperature 

and modifying smoker designs.  

Modelling efforts have also advanced, with researchers developing increasingly sophisticated 

mathematical models of wood pyrolysis and smoke generation. These range from simplified global 

kinetics models (Solanki, Baruah & Tiwari, 2022) to complex multiphysics simulations 

incorporating heat transfer, mass transfer and chemical reactions. Such models have provided 

valuable insights into the interactions between different physical and chemical processes during 

smoking.  

Despite these important advances, several key knowledge gaps remain that this thesis aims to 

address: 

1. Limited understanding of the relationships between wood decomposition kinetics, volatile 

compound evolution and flavour development. While the basic stages of wood pyrolysis 

are known, there is a need for more detailed mapping of how specific flavour and aroma 

compounds form as a function of temperature, time, wood species and extent of wood 

decomposition. 

2. Insufficient data on the chemical kinetics and thermodynamics of smoke formation 

reactions under conditions relevant to food smoking. Most existing kinetic studies focus 

on high temperature, fast pyrolysis rather than lower temperature, slow processes typical in 

food smoking. 

3. Lack of comprehensive models linking fundamental pyrolysis chemistry and physics to 

practical smoking outcomes like flavour profiles and PAH levels. Existing models often 

focus narrowly on either wood decomposition or smoke composition without bridging the 

two.  

4. Limited investigation of the effects of wood particle size, bed depth and other physical 

parameters on smoke generation in real smoking systems.  
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Chapter 7 discusses the results of the model, focusing on the effects of tortuous path length on the 

tar forming reactions and its effect on smoke yield and composition. 

Chapter 8 provides overall conclusions and recommendations for optimizing smoking processes 

based on the fundamental insights gained. It also suggests direction for future research to further 

advance understanding of smoke formation mechanisms. 

By systemically investigating the physiochemical processes involved in culinary smoke generation 

from a fundamental wood decomposition chemistry to practical smoking parameters, this thesis 

aims to provide a more complete and quantitative understanding of smoke formation mechanisms. 

The insights gained will help inform the development of improved smoking techniques that 

maximise desirable flavour compounds while minimising potentially harmful compounds like 

PAHs. More broadly, the work demonstrates the value of applying rigorous scientific analysis and 

modelling approaches to traditional food processing methods. The fundamental knowledge 

generated may also find applications in related fields like biomass pyrolysis for biofuel production. 
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production, quality and safety in culinary applications, guiding the development of better smoke 

generation and application practices in food industries.   
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2.1 Introduction  

Culinary smoking is an ancient technique used by many cultures to flavour and preserve food, most 

commonly fish and meat (Lingbeck et al., 2014; Ledesma, Rendueles and Díaz, 2016b). European 

countries traditionally smoked food using alder wood, but recently oak and beech are becoming 

more popular. In North America, a larger variety of woods are used, including hickory, mesquite 

and maple, along with some fruit tree woods such as cherry and apple(Stumpe-Viksna et al., 2008). 

Although other biomaterials such as herbs and spices can be used, they are less common. 

Smoke, which can be generated in several different ways, where the most archaic of these is 

smoldering and combustion, and by more modern techniques such as hot plate and friction, can 

be infused in several ways. Early smoking practices were probably discovered in antiquity by early 

humans who left meat hanging by a fire to dry it and to keep it away from predators, and who then 

discovered that it tasted different and lasted longer. However, in the modern world, and after the 

Torry Kiln was invented at the Torry Research Station in Scotland in 1939 (Figure 2-1) (Burgess et 

al., 1965), food smoking has become more sophisticated, and well controlled. 

 

Figure 2-1: Illustration of the Torry Kiln Design (Burgess et al., 1965). 
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used by many artisanal smoked food producers, such as butchers and restaurant chefs, is to place 

wood chips directly onto either a small, prepared fire, hot burning coals, or into a hot pan. The 

heat source provides the necessary heat to begin the decomposition. Air will be present to some 

extent in all of these, and so smouldering combustion will occur at the surface of the particle 

exposed to the air, where temperatures can reach 800°C as discovered by Toth et al (1982). If 

smouldering combustion is the only heat source, it can take some time because the wood chip 

limits the amount of air able to ingress into the pile. Other heat sources, hot coals or a heated pan, 

will progress the smoke generation more quickly. However, they all have essentially no control over 

the quality or quantity of smoke that is produced.  

2.1.1.2 Friction 

Friction smoking has been developed more recently, in the last 30 years. The technique pushes a 

log of wood onto a rotating wheel creating friction. This causes the wood temperature to increase 

high enough for pyrolysis reactions to occur, producing smoke. It is significantly less common than 

smoldering and hot plate smokers, with less than 5% of all smoked fish being smoked using this 

technique in 2002 (Varlet et al., 2007).  

Temperature control during continuous operation is achieved by contacting the wood with the 

friction wheel for a small duration, usually 10 seconds, and then removing it for several seconds or 

minutes. According to a study that evaluated the PAH content of Frankfurter type sausages using 

different smoke generation methods, friction smoking produced the lowest concentration of PAHs 

on the sausages with a BaP equivalent of 0.03 ± 0.01 µg/kg (Pöhlmann et al., 2013). The study also 

found that friction smoking produced the lowest levels of CO in ppm, and thus this method is the 

most environmentally friendly method with respect to greenhouse gas emissions.  

2.1.1.3 Wet Smoker (Steam smoker) 

The steam smoke generation method is an endothermic method that produces smoke by passing 

super-heated steam through a bed of wood sawdust or chips. The smoke produced using this 
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method is considered moist because of the condensed water from the steam. The steam also flushes 

out any oxygen that may be present in the smoking chamber, thus making this a flameless method. 

Pyrolysis temperatures usually reach 400°C with this method(Fessman, 1973; Rusz and Kopslova, 

1974; Fessman and Fessman, 1979; Schuldt, 1979; Zwaig and Schossig, 1979). 

2.1.2 Types of Smokers 

A well-designed smoker should be able to produce a smoke with the desirable flavour and colour 

components and without carcinogenic compounds, attached to a smokehouse where the flow of 

smoke is even, and the temperature and humidity are well controlled so that the smoked products 

are made consistently. To achieve such a delivery, every component of the system should be 

perfected, from the feedstock (wood) to the smoke generator, to the smokehouse and all the 

connecting pipework in between. Separating the smoke generator from the smokehouse is also 

advantageous as it allows for independent control of the components such as the environment and 

temperature inside the generator and the smokehouse. It also allows for post processing of the 

smoke such as filtering or electrostatic precipitation of harmful PAHs as they make their way from 

the generator to the smokehouse.  

2.1.3 Consumer grade smokers available in NZ  

The most basic and cheapest of the available smokers is the box smoker. Many manufacturers 

make various configurations of this product (Figure 2-2), however they all function the same. It is 

essentially a cast iron or stainless-steel container with ventilation. The metal container is filled with 

smoking wood chips and then placed inside of a gas or charcoal barbeque, where the heat and 

flame of the barbeque is used to decompose the wood and release the smoky compounds. They 

cost anywhere from $13 (NZD) for the SAMBA (Warehouse, 2018) stainless steel box to $55 

(NZD) (TURFREY, 2018) for the weber Q smoker.   
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The next step up from the above smokers are stand alone smokers. These do not require the heat 

of a barbeque to function. The simplest of these is a portable fish smoker that uses methylated 

spirits or Isopropyl alcohol as the heating source. Typically a round stainless steel plate is provided, 

which is filled with clean burning fuel such as isopropyl alcohol and placed under a perforated 

stainless steel sheet. Above that are wire racks, where the meat (these are marketed as fish smokers), 

is placed for smoking. A light stainless steel lid is provided to contain the smoke. Ventilation on 

the bottom is provided via round holes drilled to the ouside walls (Figure 2-3). This smoker works 

well and can typicall smoke 1-2 fillets of fish at a time, depending on the size in under 20 minutes.  

 

 

Figure 2-3: Maxistrike Portable Fish Smoker Small (The Warehouse, 2026). 

 

 

A    B    C 

Figure 2-2: Box smokers commonly sold at retail stores in NZ. 
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organically grown wood should be used, as chemical pesticides that are commonly used to increase 

crop yields can end up in the smoke. Softwoods such as pine or fir have been shown to contain 

undesirable resins that produce acrid aroma and flavour components such as terpenes. Aromatic 

herbs and spices have also been used to add flavour and aroma.  

2.1.5 Wood Composition 

Wood that is harvested and used commercially, such as that for smoke generation falls into two 

categories, namely hardwoods and softwoods. The terminology does not necessarily relate to the 

physical hardness of the wood but is related to the mechanism of reproduction of the tree, 

specifically the seed structure. Softwoods come from gymnosperm trees, with the largest group of 

these being conifer trees such as pines. Hardwoods come from angiosperms, with most of the 

species in this category being deciduous. The characteristics which distinguish hardwoods from 

softwoods are flowers, endosperm within their seed, the production of fruits and the majority have 

broad leaves rather than needle or scale like leaves(Goldstein, 1977). 

To understand the composition of wood smoke and its interaction with food, the composition of 

the wood itself must first be understood. Wood can be thought of as a porous material that is 

comprised of three main components; i), cellulose; ii), hemicellulose; and iii), lignin, with all the 

other organic molecules grouped together and commonly referred to as extractives in addition to 

the inorganic minerals. 

There are three main sections of a stem or trunk of a tree: heartwood, sapwood and bark. The 

inner part, the heartwood, is mostly composed of dead cells and makes up much of the stem in 

most tree species. Sapwood is the outer part of the stem and is the layer between the heartwood 

and bark near the outside part of the stem. This is the living part of the tree, and as the tree grows, 

new layers of sapwood are added, known as rings. Older sapwood cells die and become part of the 

heartwood section of the tree. The composition of bark differs considerably from the heart and 

sapwood.  
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Figure 2-7: The building blocks of Lignin. p-coumaryl alcohol (I), coniferyl alcohol (II) and sinapyl alcohol (III). 

 

Wood contains a class of other organic constituents that include aliphatic, aromatic and alicyclic 

compounds, hydrocarbons, ketones, alcohols, acids, esters, phenols, resins and terpenes, amongst 

many more and are collectively referred to as extractives. These can easily be extracted using a 

water or organic solvent wash, hence the name(Kasparbauer, 2009). 

Inorganic constituents or ash also make up part of the wood cells. Wood mostly contains alkali 

metals, usually in the form of salts. The main constituents of the ash are calcium, potassium, 

phosphorus and magnesium. Wood can contain up to 2% ash, but rarely exceeds 1% (Kofman, 

2016), while wood bark has the highest ash content and can exceed 5% of the total mass.  

2.1.6 Thermochemical decomposition of Wood 

The thermochemical decomposition mechanisms that are relevant to the smoking process can be 

divided into three distinct categories: 

�x Drying 

�x Pyrolysis 

�x Combustion 

Wood drying is typically carried out at temperatures of about 82°C and up to 132°C(Oltean, 

Teischinger and Hansmann, 2007). Even at these relatively low temperatures, considerable change 
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Figure 2-9: Heat flow curve of various hemicelluloses analysed by Werner et al. in open (solid lines) and closed (dashed 
lines) sample pans. Heat flow is displayed in W/g of initial sample mass. 

 

2.1.9 Thermochemical decomposition of Lignin 

Lignin thermochemical decomposition is very important to understand for the purpose of smoke 

production because it is composed of many aromatic rings with various branches that have a wide 

range of chemical reactivity, resulting in a wide range of temperature for the thermochemical 

decomposition, starting at 100°C and continuing up to 900°C (Yang et al., 2007) as shown by Figure 

2-10. 

Although the thermochemical decomposition occurs across a very wide range of temperatures, it 

is very slow relative to cellulose and hemicellulose decompositions with less than 0.14 wt. %/°C 

according to Yang et al (2007). 
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Figure 2-10: Thermochemical decomposition of hemicellulose, cellulose and lignin in an oxygen free environment. 

 

Unlike cellulose and most hemicelluloses decomposition (excluding xylan), the breakdown of lignin 

is exothermic (Yang et al., 2007a).  

2.1.10 Combustion 

Combustion is the result of temperature and oxygen acting upon the surface of the char residue 

and volatile compounds produced during pyrolysis. Both the char residue and volatiles produced 

are very different, depending on the temperature of pyrolysis and therefore, the reactions of 

combustion will differ. However, with complete combustion, the final products are the same, 

namely carbon dioxide and water. Incomplete combustion, also referred to as smouldering 

(discussed earlier in section 2.1.1.1), results from an insufficient supply of oxygen to oxidize all the 

carbonaceous compounds.  

Lignin pyrolysis produces more (up to 40 wt. %) char residues (Yang et al., 2007), compared to 

cellulose and hemicellulose (less than 15 wt. %). Therefore, char residue produced from wood of 

high lignin concentrations will require a higher temperature for glowing combustion(Shafizadeh, 

1984). Flaming combustion occurs when wood is converted into volatile gases during pyrolysis, 
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the gases are then oxidised in the presence of oxygen, producing a flame. Glowing combustion 

occurs by oxidising the char solid residue that forms during pyrolysis.  

2.2 Kinetics of thermal decomposition of wood 

Degradation of biomass kinetics is studied either isothermally or non-isothermally. During the 

isothermal analysis, biomass is placed in a heated chamber which is set at a constant temperature 

and the sample weight change is recorded as a function of either temperature or time. During non-

isothermal analysis, the temperature in the chamber increases with time based on an assigned 

heating rate. The methods are used to determine Arrhenius kinetic parameters. 

 

 Although there have been many experimental studies, there is still no universally accepted model 

that can predict the pyrolysis rate and provide a priori knowledge about the final decomposition 

over a wide range of parameters, such as particle size. Most kinetic studies are conducted using 

TGA because the mass of the sample is the most convenient property in the study of global 

chemical kinetics (Mamleev, Bourbigot and Yvon, 2007). 

 

Di Blasi C (1993, 2008) suggested various classes of mechanisms for wood pyrolysis. The models 

are categorized into three distinct classes: (1) one-step global model; (2) one-step multi-reaction 

models and; (3) two-step semi global model. One step global model considers pyrolysis first 

proposed by Bramford et al. (1946) as a single step first order reaction of the following form: 

 

 �@�%
�@�P


L��
F�G�% (2.1) 

where, 

�G = kinetic constant = �#�A�@
�7�¶
�Ã�Å

�A 

�# = pre-exponential rate constant (s-1) 
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�'  = Activation energy (kJ mol-1) 

�4 = Ideal gas constant = 8.314 (J mol-1 K -1) 

�% = concentration of species (mol m-3) 

 

The one-step multi reaction model (Class 2) considers those pyrolysis reaction mechanisms which 

involve simultaneous and competing first order reactions, in which wood decomposes to produce 

the various primary pyrolysis products, i.e. char, tar and oil (following the mechanism proposed by 

Shafizadeh and Chin (1977). 

 

Wood �Æ (Volatiles + gas)1 

Wood �Æ (Char)1 

 

While this reaction mechanism accounts for multiple products of wood pyrolysis, it neglects to 

include the effects of secondary reactions and the vapour phase residence time. This is accounted 

for in two-step semi global models (class 3) which are two-step reactions in which the pyrolysis 

products of the primary reactions further decompose to produce secondary products (also the 

following mechanism proposed by Shafizadeh and Chin (1977).   

  

   Wood �Æ (Volatiles + gas)1  Primary Reactions 

Wood �Æ (Char)1 

(Volatiles + Gases)1  �Æ (Volatiles + Gases)2 + (Char)2          Secondary Reactions 

By including the secondary reactions in the kinetic scheme, the product yields become a function 

of not only temperature but also vapour-phase residence time and heating rate. Secondary tar 

reactions can occur at sufficiently high temperatures if given enough vapour phase residence time. 
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They are classified as both homogeneous when occurring in the vapour phase and heterogeneous 

being catalysed by the char. Cracking, re-polymerization, condensation and partial oxidation are all 

processes which can occur during secondary reactions (Morf, Hasler and Nussbaumer, 2002).  

This scheme may provide accurate results for the modeling of very small, single particles; however, 

it does not scale, either to larger particles or to multi particle system. In these the size of the particles 

and the structure of the bed affect the residence time and local concentrations where the volatiles 

interact with the char as they move along the pressure gradient and escape into the surrounding 

void volume. Accounting for such effects is extremely difficult. The approach needed is to 

experimentally determine the kinetic parameters for each system (geometry, particle size, heating 

rate).  

Fantozzi et al. (2007a) used the principles of the class 3 model suggested by Di Blasi (1996) where 

she divided the models into three classes, to model a rotary kiln pyrolysis reactor. According to Di 

Blasi, as heat is provided, wood undergoes primary endothermic reactions according to the scheme 

shown in Figure 2-11 below, resulting in the production of primary gas, tar and char. If the reaction 

is then allowed to continue to reach higher temperatures and given for enough vapour phase 

residence time, then the primary tar will decompose further to produce permanent secondary gas 

and char.   

 

Figure 2-11: Simplified scheme for biomass pyrolysis. 

 

In the work by Fantozzi et al. (2007a), a model was developed using this scheme to simulate the 

change in product yields with respect to moisture content, rotational speed of the rotary kiln drum 
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and bed density of the wood chips and the results showed a good fit to the model classes suggested 

by Di Blasi (1996).  

1.11 Drying mathematical Models 

Experimentally, it has been shown that when studying heating as a function of time during pyrolysis 

of large wood particles, a plateau of temperature is observed at about 100°C. The duration of the 

plateau is proportional to the moisture content. It is termed the drying plateau and is considered 

to start at about 80°C and end at 120°C. Modeling the drying process is therefore important as it 

can have a significant impact on temperature prediction, especially in systems containing many 

particles. 

Researchers have developed several ways to numerically model the drying regime of wood when 

subject to heat, such as during pyrolysis, combustion or even low temperature drying of biomass, 

<200°C. Chan and Krieger (1983) treated drying as an additional decomposition reaction with an 

Arrhenius expression. This technique has two advantages; (1), it includes an activation energy, 

which accounts for both a temperature dependent evaporation rate and the fluctuations in strength 

of bound water; and (2), it has numerical stability in a mathematical code that handles many 

Arrhenius expressions. It also has its disadvantages however, mostly due to the experimentally 

derived nature of the exponents in the Arrhenius expression. To get around this Bruchmu¨ller et 

al. (2011) treated drying as a boiling process around the temperature of 100°C, by balancing the 

energy required for water vaporisation and the energy absorbed by the particle from the 

surroundings. When T > Tvaporisation then drying took place, until either T < Tvaporisation or the mass of 

water available was consumed.  
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2.2.1 Pyrolysis mathematical models 

Early pyrolysis models like that developed by Bamford, Crank and Malan (1946) were based on the 

following assumptions; 1), one-dimensional heat and mass transfer, 2), only conductive heat 

transfers within the solid particle was accounted for, 3), re-condensation of volatile products 

(including water) was neglected, 4), char shrinkage was neglected, 5), wood was considered a 

homogeneous solid, and last wood was considered to be dry with no free-water available. 

One of the most comprehensive pyrolysis models was suggested by Shafizadeh and Chin (1977) 

who focused on the decomposition kinetics when analysing the thermal behavior of cottonwood, 

concluding that the thermal behavior of wood is the sum of its three main components: cellulose, 

hemicellulose and lignin. The products of pyrolysis identified were char, tar and gas. They also 

pyrolysed the components separately to measure their contribution to the final product yields. For 

example, cellulose was found to be the major contributor towards the volatile products (tar and 

gas), while lignin contributed more towards the char yield. The products of the individual pyrolysed 

components also seemed to add-up to the yields from the pyrolysis of wood, suggesting that there 

is very little to no interaction between the components during pyrolysis. Figure 2-12 shows this 

proposed kinetic model. Although they did mention that further heating of the volatiles will result 

in the formation of secondary gas and char, no kinetic model for this reaction pathway was 

proposed. This model has served as the basis for almost all pyrolysis models and studies since.  

 

 

Figure 2-12: Kinetic model proposed by Shafizadeh & Chin. 
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Chrysene Ch 228 

 

Cyclopenta(c,d)pyrene CPP 226 

 

Dibenz(a,h)anthracene DBahA 278 

 

Dibenzo(a,e)pyrene DBaeP 302 

 

Dibenzo(a,h)pyrene DBahP 302 

 

Dibenzo(a,i)pyrene DBaiP 302 

 

Dibenzo(a,l)pyrene DBalP 302 

 

Indeno(1,2,3,c,d)pyrene IP 276 

 

5-Methylchrysene 5MeCh 242 

 

Benzo(c)fluorene BcF 216 
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2.5 Analysis techniques for wood thermochemical 

decomposition  

Wood thermochemical decomposition has been studied for many reasons, including to understand 

the drying times of wood for lumber and fuel, for the pyrolysis and combustion behaviour of wood 

and for the conversion of wood into biofuels. The techniques used for these studies can be directly 

applied to the understanding of the thermochemical decomposition of wood to produce smoke 

for culinary smoking of foodstuffs. In this section, the main techniques will be discussed and how 

they can be used to further understand the decomposition of wood and the formation of desirable 

smoke compounds. 

2.5.1 Elemental analysis 

Elemental analysis is conducted on the raw wood and later the char residue left over from the 

thermochemical decomposition process (smoking). Carbon, hydrogen, nitrogen and oxygen are 

usually the elements of interest and are either determined by the more frequently used method of 

total oxidation (combustion analysis) or by atomic spectroscopy (Oasmaa and Meier, 2005). 

2.5.2 Thermo-analytical methods 

The thermo-analyser is a simple device that consists of four main components; i), a scale, ii), a 

furnace, iii), a controller and, iv), a computer (Murugan et al., 2008). Samples of wood are placed in 

a crucible that is suitable for the temperature in which the wood will be subjected to for the purpose 

of the particular analysis. Alumina, aluminium or platinum crucibles can be used. An empty 

reference crucible is also used. Mass loss of the sample is recorded over time as the sample is 

heated. Heat flow and temperature of the sample relative to the reference crucible are also recorded 

as functions of time. There are three main thermo-analytical techniques: thermo-gravimetric 

analysis (TGA), differential thermal analysis (DTA) and differential scanning calorimetry (DSC). 
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2.5.3  Gas Chromatography and Mass Spectroscopy 

Gas chromatography (GC) is an excellent technique to separate and identify the many volatile 

compounds produced in wood smoke. A pyrolysis reactor can be added to a GC (Py-GC) analyser 

to produce smoke under controlled conditions and the gases (smoke) produced can be 

subsequently directly separated and analysed with very high resolution (Ralph and Hatfield, 1991; 

Sjostrom and Alen, 1999; Scholze and Meier, 2001; Shen and Gu, 2009). GC is often combined 

with mass spectroscopy (MS) to better identify compounds in a mixture. Py-GC/MS is a very 

attractive technique for its minimal sample preparation but lacks in the ease of applying this 

technique for quantification of pyrolysis gases. To quantify gases, a standard must be prepared, 

which eliminates the benefit of the ease of operation and sample preparation (González-Vila et al., 

2001). 

The pyrolysis gases of wood decomposition are not only large in quantity, but many are very similar 

in chemical structure, making them difficult to separate and therefore identify. Some researchers 

have developed multidimensional gas chromatography techniques to better separate and identify 

the compounds(Bertsch, 1999). In two-dimensional gas chromatography (2D-GC) for example, a 

secondary column, usually nonpolar is used, where a portion of the gas stream is injected to better 

separate the mixture.  

The Py-GC/MS is considered an important technique because the organoleptic compounds in 

smoke are expected to be those that are volatile. Massey University has a Py-GC/MS and our 

collaborations, University of Otago have a GC-O (Olfactory), and both groups have considerable 

experience using it for pyrolysis studies. 

However, pyrolysis smoke contains many compounds that are too large to be identified via GC 

techniques alone, even with very robust columns and high temperature programs. These are 

generally described as the tarry compounds and constitute a significant portion of the condensable 

fraction in wood smoke (Commandre et al., 2018). Thus, other techniques, such as high-
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These were then dried in a 105°C drying oven overnight to make them easier to grind. After they 

were dry, they were ground using a stone grinder. To minimise heat generation during the grinding 

process and prevent altering the decomposition characteristics of the wood chips, the mill grinder 

was operated in a pulsating manner. The grinder was turned on for 5 seconds, followed by a cooling 

period where it was turned off for duration ranging from 10 seconds to 5 minutes, allowing the 

chamber to cool adequately before the next grinding cycle began. At this point, the ground wood 

chips were of varying sizes from <15 µm to 2-3 mm in diameter (Figure 3-1 (b)). Therefore, they 

were sieved to meet pre-determined particles sizes of 90 to 600 µm and <90µm. This specific 90 

µm cutoff was chosen because it corresponds to a standard analytical sieve size and marks a critical 

physical threshold for the packed bed. As demonstrated later in this study, below 90 µm, the 

interstitial bed permeability decreases so significantly that it severely restricts the escape of volatiles, 

allowing for the direct observation of pore blocking, self-pressurisation and the resulting 

promotion of secondary char forming reactions. The two batches of desired particle sizes were 

then dried in a drying oven at 105°C for 24 hours and then placed in a desiccator to keep them 

from adsorbing moisture from air.  

3.2.2 Experimental apparatus 

The experimental apparatus used here was the simultaneous thermal analyser NETZSCH STA 449 

F1 Jupiter®, supported by a laptop computer running windows®
 10 software, with the NETZSCH 

Figure 3-1: (a) Unprocessed kanuka wood chips, (b) kanuka wood chips after being 
ground and before sieving 

(a) (b
) 
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Proteus thermal analysis software used to control the apparatus, acquire data and analyse the 

results. A schematic of the STA 449 F1 Jupiter® is shown below (Figure 3-2).  

 

 

 

 

 

 

 

 

 

 

 

 

The system is top loading, using a balance design that has been tested and proven over several 

decades (top loading). This makes it more robust and easier to handle compared to other systems 

that have, for example, balance arms. Figure 3-3 shows how the sample and reference crucibles sit 

on the ceramic sample carrier. The reference crucible is used to obtain the DSC (differential 

scanning calorimetry) signal which will be discussed in subsequent chapters.  

Figure 3-2: Schematic of the STA449 F1 
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3.2.3  Experimental Procedure  

There are several considerations when conducting thermogravimetric analysis experiments for the 

kinetic study of a reactant: 

1) deciding on an appropriate heating rate for a particular sample mass (mass); 

2) the effect of the laboratory environment on the analyser; and 

3) understanding that every crucible is slightly different and its geometry will have variable 

heat and mass transfer effects on the sample its carrying.  

To dwell on these considerations here is important in order to understand the reason for the way 

the experiments were conducted. It is worth noting that these experiments were conducted to 

acquire the mass loss vs time plots (TG), as well as the differential heat plots (differential scanning 

calorimetry (DSC)). Therefore, although some considerations may not be important specifically for 

Figure 3-3: Schematic of the sample carrier, showing the placement of sample and reference crucibles. 
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TG analysis, they are important to consider in the DSC analysis which will be discussed in later 

chapters.  

Selecting sample mass and particle size appropriate to the heating program is critical to minimise 

heat and mass transfer artefacts. Intrinsic decomposition kinetics are governed by temperature and 

conversion; the programmed heating rate shapes the temperature history and apparent response 

but does not make the reaction rate proportional to �×�Í

�×�ç
. To limit internal thermal gradients, a 

practical criterion is to restrict the characteristic sample thickness such that  

 �. 
Q
¨
�Ù�Ø�Ù�Ù�¿�6�Ô�ß�ß�â�ê

�Ú
 (3.1) 

where �Ù�Ø�Ù�Ù
L
�Þ�Ð�Ñ�Ñ

�� �Ö�Û
 is the effective thermal diffusivity of the particle bed, �Ú
L

�×�Í

�×�ç
 is the heating rate 

and �¿�6�Ô�ß�ß�â�ê is an acceptable temperature lag. Very low heating rates and very small masses can 

lengthen experiments and degrade signal-to-noise, so a balanced design was adopted: forty-five 

runs spanning particle diameter 90 µm < DP < 600 µm at �Ú = 1, 2.5, 5, 10 and 20 K/min with 

sample mass of 3, 6, 12, 18 and 24 mag; for Dp < 90 µm, the same heating rates were used with 

masses of 5, 10, 15 and 20 mg. The rationale for mass adjustments is detailed in the subsequent 

chapter on specific enthalpy of reaction. 

Aluminium crucibles with a diameter (ø) of 6 mm were chosen for these experiments because they 

could handle the desired temperature range (Tmax = 580 °C), and they were relatively inexpensive, 

so they could be discarded after each run. This removes the recycling step from analysis and thus 

reduces time and variability.  

A typical experimental run consisted of first running an empty crucible under identical conditions 

(discussed here) to the sample crucible first to establish a baseline which is then later subtracted 

from the sample run to remove noise from the result. Once the baseline was established, the 

baseline crucible was first weighed by the system, this new weight was taken as the crucible weight 
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for the sample run. The sample was then loaded into the crucible and approximated on a scale to 

±0.5 mg of the desired mass. It was then evenly distributed within the crucible, and a rod of a 

specific weight was placed on the sample to pack it. The force on the particle bed was proportional 

to the weight of the rod, and since the same rod was used for all samples, it ensured that they were 

all packed with the same force. The sample was then loaded on top of the sample carrier (Figure 

3-3), where first the sample weight was measured by the analyser, and then the run began. Heating 

of the sample within the STA furnace was achieved via a precision electrical resistance heating 

element. Heat is transferred to the packed wood chips primarily through conduction from the 

heated ceramic sample carrier and the base of the aluminium crucible, alongside radiation from the 

furnace walls. This mechanism, combined with the high thermal conductivity of the crucible and 

the small sample sizes, was designed to ensure uniform heating and minimise thermal gradients 

across the particle bed. The first step in the heating profile consisted of heating the sample to 105 

°C to remove any moisture in the wood. It was held at this temperature for 45 minutes, after which 

it was cooled down to 50 °C and held for 40 minutes. Next, the sample was heated to 580 °C (Tmax) 

and held isothermal for 40 minutes, then cooled to 50 °C and held isothermal for 40 minutes. It 

was then heated again to 580 °C and immediately cooled to 50 °C, then held isothermal for 40 

minutes. Lastly the sample was again heated to 580 °C. At the end of this step, the run was 

terminated. All cooling was done at a rate of 20 K/min. All runs were under inert atmospheric 

conditions. Nitrogen gas flows both through the furnace at 50 mL/min and around the outside of 

the furnace at 20 mL/min. The latter nitrogen is a protective measure to reduce the oxidative stress 

on the furnace. The 50 mL flow is to ensure an inert reacting environment for the sample. To 

maintain inert (pyrolysis) conditions, high purity (99.99%, instrument grade) nitrogen was used.  

3.2.4 Kinetic analysis methods 

Fundamental rate laws 

For a one reactant type, the rate law is as follows: 
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 �4�=�P�A
L��
F
�@�>�#�?

�@�P

L �G�>�#�?�á (3.2) 

 

where �>�#�? is the concentration of reactant A, �G is the rate constant and �J is the reaction order. For 

example, for a zero order (n=0) reaction, equation (3.2) can be modified and integrated as follows 

 
F
�@�>�#�?

�@�P

L �G�>�#�?�4 
L �G���=�O���>�#�?�4 
L �s (3.3) 

Integrating equation (3.2) gives: 

 
± �@�>�#�?

�>�º�?�ß

�>�º�?�,


L 
± �G�@�P

�ç

�4

 (3.4) 

 �>�#�?�ç 
L 
F�G�P
E�>�#�?�4 (3.5) 

If the reaction is truly zero order, the plot of �>�#�?�ç vs time should produce a linear slope in the 

negative direction, whose slope is equal to the reaction rate and the intercept equal to the initial 

concentration, �>�#�?�4. 

This procedure can be repeated for higher order reactions (n=1 and n=2), which will yield the 

following equations: 

 �B�K�N���J 
L �s�����������Ž�•�>�#�?�ç 
L �Ž�•�>�#�?�4 
F �G�P�� (3.6) 

 �B�K�N���J 
L �t��������������������������
�s

�>�#�?�ç

L �G�P
E

�s
�>�#�?�4

 (3.7) 

 

These rate laws can be modified for reactions which are temperature dependent using the 

Arrhenius equation. Where for a single reaction, the following equation (3.8) describes the decay 

rate: 

 �@�Ù
�@�P
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l
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Table 3-1: Kinetic parameters for kanuka wood with particle diameter from 90 to 600 microns, fitted to a three 
independent reaction model. 
  

Hemicellulose Cellulose Lignin  
   

Heating 
Rate 

Sample 
mass E Ln c E Ln c E Ln c S2 S2 SE 

K/min  mg kJ/mol  A 
 

kJ/mol  A 
 

kJ/mol  A 
 

DTG Yield TG 
1 3 119 22.2 19.7 186.1 33.4 43.5 38.8 2.6 15.8 3.6 1.8   0.0003  

1 6 135 26 16 166 29.4 47.7 40.4 3 15 4.6 1.9   0.0100  

1 12 137.4 26.5 15.5 178 31.8 46.8 42 3.4 15.8 4.2 1.4   0.0005  

1 18 130.3 24.9 16.3 180 32.2 45.5 44.9 3.9 15.2 4.3 1.7   0.0005  

2.5 3 123.4 23.6 19.3 184.9 33.2 46.4 52.1 5.8 11.8 4 1.6   0.0004  

2.5 6 120.6 23 18.9 180.4 32.3 45.2 51.5 5.8 12.3 3.7 1.4   0.0003  

2.5 12 127.4 26.5 18.8 206.8 31.8 43.8 49.2 3.4 14.9 3.4 1.8   0.0003  

2.5 18 134.4 26.1 16.1 180.4 32.3 46 47.1 5.1 15.1 4.2 1.4   0.0005  

5 3 113.3 21.6 22 182.2 32.8 45.4 60.7 7.9 10.4 3.6 1.6   0.0003  

5 6 109.6 20.7 23.5 200.9 36.2 42.1 67.6 9.3 10.8 2.5 0.7   0.0001  

5 12 115.9 22.1 20.6 194.7 35.1 48 55.4 7.1 13.2 3.3 1.4   0.0002  

5 18 118.6 22.7 19.8 203.9 36.8 43.2 52.8 6.7 14.7 3.2 1.5   0.0003  

10 3 113.8 21.9 22.5 200.5 36.1 42.4 50.7 6.9 12.8 3 0.5   0.0002  

10 6 115.1 22.6 17.8 159.8 28.5 51.7 86.2 12.4 8.1 5.3 1.5   0.0006  

10 12 115.7 22.3 20.9 196.2 35.3 43.3 58.5 8.2 11.6 3.1 1.2   0.0001  

10 18 118.1 22.9 20 197.5 35.6 43.5 57.1 7.9 13.7 2.9 1.1   0.0002  

20 3 116.7 22.8 22.3 198.6 35.7 43.5 49.5 7.3 12.9 3.5 0.6   0.0002  

20 6 113.9 20.1 22.1 204.1 34.6 42 53.9 5.9 13 3 0.7   0.0002  

20 12 116.4 22.7 21.3 197.3 35.5 42.7 56.7 8.4 13.3 3 0.5   0.0002  

20 18 118.7 23.2 20.3 198.9 35.8 42.9 57.6 8.6 13.9 2.5 0.8   0.0001  
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Figure 3-14: Kinetic evaluation of 3 mg of kanuka wood chips of particle size between 90 and 600 microns at five heating 
rates of (a) 1, (b) 2.5, (c) 5, (d) 10 and (e) 20 K/min, assuming three parallel independent first order reactions 

(a) (b) 

(d) (c) 

(e) 
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Figure 3-15: Kinetic evaluation of 6 mg of kanuka wood chips of particle size between 90 and 600 microns at five heating 
rates of (a) 1, (b) 2.5, (c) 5, (d) 10 and (e) 20 K/min, assuming three parallel independent first order reactions 
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(c) (d) 
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Figure 3-16: Kinetic evaluation of 12 mg of kanuka wood chips of particle size between 90 and 600 microns at five heating 
rates of (a) 1, (b) 2.5, (c) 5, (d) 10 and (e) 20 K/min, assuming three parallel independent first order reactions 
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(c) (d) 

(e) 



  

69 
 

 

 

  

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0 100 200 300 400 500 600

-d
(m

/m
0)

/d
T 

-(
1/

K
)

Temperature (°C)

Experimental
Model
Hemicellulose
Cellulose
Lignin

0

0.01

0.02

0.03

0.04

0.05

0.06

0 100 200 300 400 500 600

-d
(m

/m
0)

/d
T 

-(
1/

K
)

Temperature (°C)

Experimental
Model
Hemicellulose
Cellulose
Lignin

0

0.01

0.02

0.03

0.04

0.05

0.06

0 100 200 300 400 500 600

-d
(m

/m
0)

/d
T 

-(
1/

K
)

Temperature (°C)

Experimental
Model
Hemicellulose
Cellulose
Lignin

0

0.01

0.02

0.03

0.04

0.05

0.06

0 100 200 300 400 500 600

-d
(m

/m
0)

/d
T 

-(
1/

K
)

Temperature (°C)

Experimental
Model
Hemicellulose
Cellulose
Lignin

0

0.01

0.02

0.03

0.04

0.05

0.06

0 200 400 600

-d
(m

/m
0)

/d
T 

-(
1/

K
)

Temperature (°C)

Experimental
Model
Hemicellulose
Cellulose
Lignin

Figure 3-17: Kinetic evaluation of 18 mg of kanuka wood chips of particle size between 90 and 600 microns at five heating 
rates of (a) 1, (b) 2.5, (c) 5, (d) 10 and (e) 20 K/min, assuming three parallel independent first order reactions  
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3.4 Implications for smoke Generator Design and 

Operation 

These insights have critical implications for designing and operating smoke generators, where 

controlled pyrolysis is essential to achieve a desirable aroma profile. Within a production 

environment this means controlling the temperature of pyrolysis and the extent of secondary 

reactions by influencing the factors that affect local pressure within particles and the bed and the 

residence time of the volatiles before they leave the bed. 

Smoke generators have a few levers that can be used to control temperature, pressure and residence 

time. These are the method of heating, the proximity of the heat source to the particles, the size of 

the particles, the interstitial porosity between particles, the transit distance between the volatile 

generation points and escape from the bed and the relative direction of mass and heat transfer, 

nothing that the method of heating may be direct e.g., hot gas (superheated steam) or indirect from 

a radiant surface. Of these levers, the operating parameters are the rate of heat input and highest 

treatment temperature and the particle size which determines the interstitial porosity. The rest are 

design parameters of the smoke generator, noting also that particle residence time in the smoker 

can also be controlled, because once volatiles have been generated, the particles are not making a 

productive contribution to smoke generation. It is also possible that bed height, i.e., the transit 

distance between the volatile generation points and escape from the bed can also be manipulated 

using an adjustable weir or like.  

 When designing a smoke generator that uses fine particles, attention must be given to the potential 

for volatile flooding and pressure build-up. Elevated pressures in a packed bed can lead to uneven 

heating, excessive char formation and potentially uncontrolled release of volatiles, which may not 

only compromise the quality of the smoke but also pose safety risks. 
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To mitigate these effects, smoke generator designs may need to incorporate mechanisms for 

pressure regulation, such as adding a vacuum or optimising particle bed thickness to enhance 

permeability. Alternatively, the use of larger particles may be preferred to avoid excessive pressure 

build-up. However, larger particles might require a higher initial energy input to reach the 

decomposition temperature uniformly, which could impact the energy efficiency of the smoker.  

Moreover, the self-heating effect observed in smaller particles under high-pressure conditions 

could lead to an unpredictable aroma profile. In smoke generation, the quality of the smoke is 

closely tied to the stable decomposition of wood components, particularly hemicellulose, cellulose 

and lignin, which release specific compounds responsible for aroma. If pressure fluctuations cause 

irregular pyrolysis, the resulting smoke may lack consistency and may even produce unwanted by-

products, impacting the flavour and toxicology profile of smoked food.  
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Here, for each peak I, (�Ù�Ü) is the amplitude, (�ä�Ü) is the mean temperature (peak centre in °C), and 

(�ê�Ü) is the standard deviation (controlling peak width). The number of peaks, N, was determined 

based on initial estimates of peak positions. Gaussian functions are employed as they effectively 

approximate the symmetric shapes observed in EGA curves, providing a good basis for separating 

multi-stage thermal decomposition processes. 

The model parameters (�Ù�Ü,�ä�Ü, �ê�Ü) were optimised using a non-linear least squared fitting. To ensure 

a physically plausible solution, initial parameter estimates and bounds were established. Initial 

amplitudes were derived from the normalised intensity near the anticipated peak centres, means 

were set to the estimated positions and an initial width of 20 °C was used. Constrains were applied 

to bound amplitudes between 0 and 2 (2x the maximum), means to within ±30 °C of their initial 

estimates and standard deviations between 5 °C and 100 °C. This optimisation yields the refined 

parameters for each de-convoluted peak and the composite fitted curve.  

Polycyclic aromatic hydrocarbons (PAHs) were among the most important compound classes of 

interest due to their well-documented carcinogenicity. However, the methodology and 

instrumentation employed in this study were not sufficiently sensitive to detect PAHs, as their 

concentrations fell below detection limits. 

4.2.4.2. Kinetic modelling of volatile formation 

Kinetic parameters for each de-convolved peak were determined using the Coats-Redfern integral 

model-fitting method (Coats and Redfern, 1964), which is well-suited for non-isothermal data. This 
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approach assumes first-order reaction kinetics (n=1), a common and effective approximation for 

the thermal decomposition of biomass pseudo-components.  

For each individual peak i, the conversion fraction, (�Ù�Ü), is determined as the normalised cumulative 

integral of its de-convolved intensity profile:  

 �Ù�:�6�; 
L��
�ì �+�Ü�:�6�ñ�;�@�6�ñ�Í
�Í�,

�ì �+�Ü�:�6�ñ�;�@�6�ñ�Í�Ð
�Í�,

 (4.3) 

 

This calculation, performed numerically, yields an (�Ù) value that progresses from 0 to 1, quantifying 

the fraction completion of volatile release for that specific sub-process. 

The Coats-Redfern method linearises the integrated form of the Arrhenius rate equation. For a 

first-order reaction, this is expressed as: 

 �Ž�•�F
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where (�' �Ô) is the activation energy (J/mol), (�#) is the pre-exponential factor (�O�?�5) and (�4) is the 

universal gas constant (8.314 J/mol K). To ensure the validity of the approximation, the linear 

regression was performed on data points within the conversion ranged of 0.05 < �Ù < 0.95. By 

fitting (�U
L �Ž�•�@
F
�ß�á�:�5�?�� �;

�Í �. �A) against (�T
L �s���6), the activation energy is derived from the slope 

(�I 
L 
F�' �Ô���4) and the pre-exponential factor is derived from the intercept (�?
L �Ž�•�@
�º�Ë

�	 �¾�Ì
�A). The 

quality of the linear fit for each kinetic determination was assessed by the coefficient of 

determination (�4�6). This methodology provides key kinetic parameters (�' �Ô and �#) for each distinct 

volatile formation step identified during deconvlution.  
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Meier and Radlein, 1999). As these primary and secondary products have different volatilities and 

thermal stabilities, their separation and resolution become evident under optimised residence times. 

Extending the residence time beyond 4 minutes did not result in any significant alterations to the 

chromatogram. This plateau effect can be interpreted as the stabilisation of pyrolysis dynamics 

where most of the reactive biomass constituents have undergone substantial thermal 

decomposition and the system possibly reaches a quasi-equilibrium state (Mohan, Pittman and 

Steele, 2006). 

Similar observations have been reported in the literature. Faix et al. (1991) conducted Py-GC/MS 

studies on the pyrolysis of various wood species, including beech and spruce. They found that 

increasing the residence time improved the resolution of chromatographic peaks due to more 

complete volatilisation and decomposition of biomass constituents. Their research aimed to 

enhance analytical methods for lignocellulose materials by optimising pyrolysis conditions to 

achieve better separation and identification of pyrolysis products. 

In another study, Pastorova et al. (1994) investigated the pyrolysis of cellulose using Py-GC/MS 

and observed that longer residence times allowed for the formation and detection of additional 

low-molecular-weight compounds such as furans and cyclopentenones. This was attributed to 

secondary cracking reactions of primary pyrolysis products. Their work highlighted the importance 

of residence time in influencing the product distribution and improving the analytical resolution of 

complex mixtures derived from biomass.  

Meir and Faix (1992) reviewed the analytical pyrolysis of lignin and lignocellulosic materials, 

emphasizing that residence time is a critical parameter in Py-GC/MS analysis. They noted that too 

short a residence time may result in incomplete pyrolysis and broader peaks due to overlapping 

compounds. 

These findings show that getting the residence time right is key in pyrolysis studies. Choosing the 

best residence time helps get clearer analytical results and makes the data reflects real-world 
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pyrolysis conditions. It also helps avoid wasting energy and time in experiments, making the 

research more efficient overall. The residence time of 4 minutes was chosen for subsequent samples 

because it represents a practical balance, providing sufficient time for significant pyrolysis reactions 

to occur and for the development of a differentiated chromatographic profile, yet avoiding 

unnecessary prolongation that does not yield additional insights. This duration is also more aligned 

with real-world smoking applications, where longer residence times are common due to the nature 

of traditional smoking processes. By selecting a residence time that mirrors more closely practical 

conditions, our findings become more applicable to industrial and artisanal smoking processes, 

enhancing the relevance and applicability of this study.  
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41 Aromatic 
heterocycle 

Furan 
42 Furan, 2-methyl- 
43 Lactone 5-methyl-2(3H)-furanone 
44 2(3H)-Furanone 
45 2H-Pyran-2-one, 5,6-dihydro-6-pentyl- 
46 Enone Levoglucosenone 
47 Pyrone Maltol 
48 4H-Pyran-4-one, 3,5-dihydroxy-2-methyl- 
49 3,6-Dimethyl-4H-furo[3,2-c]pyran-4-one 
50 Anhydride 2H-Pyran-2,6(3H)-dione 
51 Aromatic hetercycle Naphtho[2,1-b]furan 
52 Non-condensable 

hydrocarbon 
Carbonyl sulfide 

53 Chloromethane 
54 Cyclopropane, 1-chloro-1-methyl- 
55 Methane, nitroso- 
56 Methanethiol 
57 Neopentane 
58 Nitrogen dioxide 
59 3-Penten-1-yne, (Z)- 
60 Propane, 2-methyl-1-nitro- 
61 Propane, 2-methyl-2-nitro- 
62 Phenols Phenol, 2-methyl- 
63 m-cresol (3-methylphenol) 
64 Phenol, 2,4-dimethyl- 
65 Phenol, 2,5-dimethyl- 
66 Phenol, 2,6-dimethyl- 
67 Phenol, 3,4-dimethoxy- 
68 Phenol, 2-methoxy-4-vinyl- (4-vinylguaiacol) 
69 2-Methoxy-5-methylphenol (creosol) 
70 Phenol, 2,6-dimethoxy- (syringol) 
71 Phenol, 2,6-dimethoxy-4-(2-propenyl)- (4-allylsyringol) 
72 4-methylsyringol (2,6-dimethoxy-4-methylphenol) 
73 3-Allyl-6-methoxyphenol 
74 Eugenol 
75 trans-Isoeugenol 
76 Apocynin (acetovanillone) 
77 Mequinol (4-methoxyphenol) 
78 Catechol 
79 1,2-Benzenediol, 4-methyl- (4-methylcatechol) 
80 1,2,3-Benzenetriol (pyrogallol) 
81 Benzaldehyde, 2,4-dihydroxy- (2,4-dihydroxybenzaldehyde) 
82 3,5-Dimethoxy-4-hydroxycinnamaldehyde (sinapaldehyde) 
83 2-Propenal, 3-(4-hydroxy-3-methoxyphenyl)- 

(coniferaldehyde) 
84 Phenol, 4-(ethoxymethyl)-2-methoxy- 
85 2-Naphthalenol, 3-methoxy- 
86 7-Methoxy-1-naphthol 
87 (-)-Nortrachelogenin 
88 4,4'-Dihydroxy-3,3'-dimethoxystilbene 
89 Desaspidinol 
90 2,4-Dihydroxy-6-propylbenzoic acid 
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91 1-(2,4-Dihydroxyphenyl)-2-(4-methoxy-3-
nitrophenyl)ethanone 

92 Phenanthrene, 3-methoxy- 
93 3-Hydroxy-2-(3-hydroxy-4-methoxyphenyl)-7-methoxy-4H-

chromen-4-one 
94 4H-1-Benzopyran-4-one, 2-(3,4-dimethoxyphenyl)-7-hydroxy- 
95 4H-1-Benzopyran-4-one, 3-(3,4-dimethoxyphenyl)-6,7-

dimethoxy- 
96 4H-1-Benzopyran-4-one, 5-hydroxy-6,7-dimethoxy-2-phenyl- 
97 4H-1-Benzopyran-4-one, 6,7-dimethoxy-3-phenyl- 
98 Pectolinaringenin 
99 2-(4-Hydroxyphenyl)-3,6,8-trimethoxy-5-hydroxy-4H-1-

benzopyran-4-one 
100 2',5,8-Trimethoxyisoflavone 
101 5,6,8,3',4'-Pentahydroxy-7-methoxyflavone 
102 5,6,8,4'-Tetrahydroxy-7-methoxyflavone 
103 6H-Dibenzo[b,d]pyran-6-one, 7,9-dihydroxy-3-methoxy-1-

methyl- 
104 Xanthen-9-one, 1,3,5,8-tetrahydroxy- 
105 Anthraquinone, 1,4,5,7-tetrahydroxy-2-methyl- 
106 7-Acetyl-3-(diacetylmethyl)-6-hydroxy-2,5-

dimethylbenzofuran 
107 2-Pentanone, 1-(2,4,6-trihydroxyphenyl) 
108 1-Butanone, 1-(2,4,6-trihydroxy-3-methylphenyl)- 
109 Sulfur-Containing Methanethiol 
110 Carbonyl sulfide 
111 S-Methyl pentanethioate 
112 S-Methyl 3-methylbutanethioate 
113 2,3-dimethyl-5-[(methylthio)propyl]pyrazine 
114 Disulfide, methyl (methylthio)phenylmethyl 
115 Bis(2-methyl-4,5-dihydro-3-furyl) Disulfide 
116 Other 1,3,5-Trioxepane 
117 1,3-Dioxolane 
118 1,2,5-Oxadiazole 
119 2,2-Diethyl-2-sila-1,3-dioxacyclohexane 
120 2,2,3,3,4,4-Hexamethyltetrahydrofuran 
121 Propane-1,1-diol dipropanoate 
122 Oxalic acid, allyl butyl ester 
123 Oxalic acid, dicyclobutyl ester 
124 Oxalic acid, cyclobutyl hexyl ester 
125 2-Butenoic acid, 2-methoxy-, methyl ester, (Z)- 
126 Fumaric acid, dipropargyl ester 
127 2-Propenoic acid, ethenyl ester 
128 2-Propenoic acid, 3-phenyl-, phenyl ester, (E)- 
129 2-Propenoic acid, 3-phenyl-, 4-methylphenyl ester 
130 1,2,4,5-Tetrazine 
131 1,2,4-Triazolo[4,3-b]pyridazin-6(5H)-one 
132 Phthalic anhydride 
133 Diethyl Phthalate 
134 3,7-Dimethyl-2,3,3a,4,5,6-hexahydro-1-benzofuran # 
135 6-Methoxy-3-methylbenzofuran 


































































































































































































































































